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Abstract
The Multiple Inert Gas Elimination Technique, based on Micropore Membrane Inlet Mass
Spectrometry, (MMIMS-MIGET) has been designed as a rapid and direct method to assess
the full range of ventilation-to-perfusion (V/Q) ratios. MMIMS-MIGET distributions have not
been assessed in an experimental setup with predefined V/Q-distributions. We aimed (I) to
construct a novel in vitro lung model (IVLM) for the simulation of predefined V/Q distributions
with five gas exchange compartments and (II) to correlate shunt fractions derived from
MMIMS-MIGET with preset reference shunt values of the IVLM. Five hollow-fiber mem-
brane oxygenators switched in parallel within a closed extracorporeal oxygenation circuit
were ventilated with sweep gas (V) and perfused with human red cell suspension or saline
(Q). Inert gas solution was infused into the perfusion circuit of the gas exchange assembly.
Sweep gas flow (V) was kept constant and reference shunt fractions (IVLM-S) were estab-
lished by bypassing one or more oxygenators with perfusate flow (Q). The derived shunt
fractions (MM-S) were determined using MIGET by MMIMS from the retention data. Shunt
derived by MMIMS-MIGET correlated well with preset reference shunt fractions. The in vitro
lung model is a convenient system for the setup of predefined true shunt fractions in valida-
tion of MMIMS-MIGET.
Introduction
The worldwide volume of major surgical procedures is estimated at 243 million per year [1].
Morbidity and mortality after major surgery are associated particularly with postoperative pul-
monary complications like lung injury and acute respiratory distress syndrome (ARDS) [2, 3].
A worldwide multicenter observational study yielded a prevalence of ARDS due to all causes
of 10.5% among ICUs in 50 countries [4]. The Berlin definition of ARDS introduced a mild
(200mmHg< PaO2/FIO2 300mmHg), moderate (100mmHg < PaO2/FIO2 200mmHg)
and severe oxygenation stage (PaO2/FIO2 100mmHg) of the syndrome [5]. ARDS hospital
mortality of mild stage was 34.9%, of moderate stage 40.3% and of severe stage 46.1% [4, 6].
However, there was evidence of under recognition and under treatment of this globally public
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health problem indicating a potential for improvement of health care for this patient cohort [4].
Shunt and CT scan based mean lung weight increased with severity of stage [5]. In a retrospec-
tive observational ARDS study systematic thoracic CT scans yielded most commonly consolida-
tions (94.1%) and ground glass opacities (85.3%) and health care was changed in 26.5% of cases
due to the results obtained from CT scans[7]. The use of extracorporeal membrane oxygenation
(ECMO), providing gas exchange without the need for mechanical ventilation in ARDS,
increased by over 400% between 2006 and 2012 in the United States [8].
Hypoxemia due to insufficient pulmonary gas exchange is a common reason for ICU
care of patients. However, information from readily available parameters like arterial PO2,
arterial PO2/FIO2 ratio, physiological shunt and deadspace is quite limited and error-prone
due to misinterpretation. Since P.D. Wagner’s studies in the early 1970’s, the multiple inert
gas elimination technique (MIGET) has provided useful insights into the physiology and
pathophysiology of gas exchange and hypoxemia, making it the reference method for the
assessment of ventilation-to-perfusion matching [9]. In the 2000’s a novel MIGET variant
was introduced that analyzed inert gas by micropore membrane inlet mass spectrometry
(MMIMS) instead of gas chromatography [10]. Compared to the conventional GC-MIGET,
MMIMS-MIGET appears to offer substantial advancement through reduction of analysis
time, sample volume, material and human resources [11]. MMIMS-MIGET shunt (MM-S)
calculated from a single-pore MMIMS has been shown to correlate well with Riley shunt in
a porcine lavage lung model [12]. An additional improvement in the current MMIMS-MI-
GET setup was the use of a multi-pore [11] probe instead of the single-pore probe used in
previous studies [10, 12]. The multi-pore variant offers an approximately 400-fold increased
sensitivity in its inert gas partial pressure measurement, resulting in much less susceptibility
for technical and analytical errors.
The conventional MIGET, as well as its underlying concept, have withstood the test of time
in numerous in vivo studies and was currently used in a volunteer study to evaluate a novel
functional proton magnetic resonance imaging technique to measure regional VA/Q ratio in
the lung [13]. MIGET and its MMIMS variant have also been compared with each other in ani-
mal experiments by Kretzschmar et al [11]. MIGET by MMIMS was feasible to evaluate the
impact of pressure support ventilation in a porcine sepsis lung injury model [14] or to assess
VA/Q distributions during cardiopulmonary resuscitation in anaesthetized pigs [15]. In sum-
mary MIGET has been proven valuable to get deeper insight to gas exchange and VA/Q distri-
butions in various animal and clinical experiments. So far, however, the use of a bench model
to test the validity, accuracy and precision, and reproducibility of these techniques has not
been described.
Currently, as part of modern artificial organ support systems, blood-gas exchangers or oxy-
genators are regularly used in clinical practice to replace (cardiopulmonary bypass) or support
the gas exchange function of the lung (ECMO and/or CO2 removal) [16]. Studies involving
such hollow fiber membrane oxygenators have reported a good correlation between measured
oxygen and carbon dioxide transfer with model-predicted gas exchange [17]. In a similar
experimental setup as in [14], Borland and colleagues presented a membrane oxygenator as a
model for lung nitric oxide and carbon monoxide transfer [18].
The general aim of this study is to test the accuracy, precision and reproducibility of the
MMIMS variant of MIGET shunt fractions under the stable and adjustable in vitro conditions
of an extracorporeal perfusion and membrane oxygenation circuit. Fitted with several parallel
“lung” compartments governing gas exchange, the in vitro lung model (IVLM) appears to pro-
vide a simple and robust model for creating predefined V/Q relationships. We hypothesize
that in an appropriate IVLM setup, various reference shunt fractions can be defined using
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controlled sweep gas and perfusion flow, which then allows comparison with shunt fractions
determined using MMIMS-MIGET.
The specific aims of this study were (I) to design an IVLM with five separate gas exchange
compartments connected in parallel to achieve resolution of shunt fractions between 0.0 and
1.0, and (II) to compare shunt fractions derived from MMIMS-MIGET with preset reference
shunt fractions of the IVLM (IVLM-S). We also aimed to compare measurements utilizing
saline as a priming and perfusion fluid with those using a human red cell suspension.
Materials and methods
Experimental setup of IVLM
The perfusion and gas exchange circuit of the IVLM consists of the following components
assembled as shown in Fig 1:
1. Pump: A micro-diagonal pump (DeltaStream DP-II, Medos,Stolberg/D) generating non-
pulsatile perfusate flow, at a maximum rate of 2500 ml/min within the present setup.
2. Gas exchangers: Five pediatric membrane gas exchange units (QUADROX-i Pediatric Oxy-
genators; MAQUET, Hirrlingen, Germany) in a parallel assembly. These hollow-fiber
microporous membrane oxygenators each contain two chambers; the first consists of gas-
permeable polypropylene fiber mats alternating with heat exchange mats made of polyure-
thane, while the second chamber contains only gas-conducting polypropylene fiber mats
Fig 1. Schematic of in vitro lung model setup.
https://doi.org/10.1371/journal.pone.0184212.g001
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arranged at 90˚ to each other in order to improve perfusate mixing outside the fibers and
hence, gas exchange. (www.maquet.com) Polypropylene fibers are permeable to anesthetic
gases through the micro pores. Each of these oxygenators could be perfused at up to 2500
ml/min perfusate flow and ventilated with sweep gas (air-oxygen mixture) using a gas
blender (Maquet Cardiopulmonary AG, Hirrlingen, Germany).
Total and compartmental perfusate flows were measured using in-line liquid flow meters
(Levitronix, Zurich, Switzerland). Total gas flow to the oxygenators was measured using a
thermal mass flow meter (TSI, Shoreview, MN, USA).
3. Fluorinated ethylene propylene circuit tubing (Tygon1, Saint-Gobain performance plas-
tics, Akron, OH, USA) which minimizes loss of inert gas from perfusate.
4. Priming fluid was either human RBC (SRBC) suspended in fresh frozen plasma and
saline at a hematocrit of 40 to 45% or normal saline (SNS)– 0.9% NaCl. Priming volume
was 2500 ml.
5. Heat exchanger: Warm water (38˚C) was circulated through all oxygenator units using an
external heater/cooler system with temperature control (HCV, Type 20–602, JostraFume-
dica, Muri/CH). A thermistor (Sams, 3M Health Care, Ann Arbor, MI, USA) was con-
nected to its fluid reservoir outlet for temperature monitoring.
The system was designed to be devoid of leaks, and the inlet ports were connected to the
bottom of the mixing chambers in order to facilitate air bubble free priming. In order to avoid
entrainment of air bubbles, the system was vented, pre-filled with priming fluid, and any
remaining air bubbles were removed prior to initiating an experiment.
Circuit prime
Human blood and saline were used as priming fluids. In the first experiment, expired human
blood products were used to simulate in vivo conditions using a target hematocrit of 40 to
45%. This was produced by mixing 500 ml packed red blood cells with 500 ml fresh frozen
plasma and 1500 ml normal saline. The blood products were obtained from the blood bank of
the University Hospital of Bern and identity of the donors was not available. Hence the source
of these blood products was completely de-identified. In the second experiment, the priming
solution utilized was 2500 ml of normal saline.
Perfusate flow measurement
Liquid flow meters (Levitronix, Zu¨rich, Switzerland) measured perfusate flow in the model.
These flow meters function based on ultrasonic flow measurement principle with a measure-
ment error of ± 1% of the true value and the reproducibility error is less than ± 0.5% of the
true value. The difference in transit times of the piezo-electric pulses propagated along and
against flow is a measure of average fluid velocity along the path of ultrasonic beam. Total per-
fusate flow was measured with a main flow meter, while flow distribution to the five oxygena-
tors was quantified by individual, in-line perfusate flow meters.
Sweep gas flow measurement
The model was ventilated with air as sweep gas using a gas blender (Maquet Cardiopulmonary
AG, Hirrlingen, Germany). Individual gas flows to the oxygenators were estimated using a
thermal mass flow meter (TSI, Shoreview, MN, USA).
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Perfusate mixing chambers
Two cylindrical mixing chambers made of special glass (Trabold&CoAG, Bern, CH) are
located in the common inlet upstream, as well as in the common outlet downstream of the gas
exchanger assembly. The inlet chamber representing the “venous side” has a single input port
receiving perfusate from the pump, and five outlet ports connected to each gas exchange unit,
which are fitted with sampling ports. Inert gas solution was introduced upstream to this mix-
ing chamber via a three-way stopcock. The outlet (“arterial”) mixing chamber downstream of
the gas exchanger assembly has five inlet ports receiving perfusate from each of the gas
exchangers, and a single outlet port fitted with a sampling port. Perfusate then returns to the
pump (Fig 1). Thus, the upstream mixing chamber of the IVLM represents the mixed venous
compartment of pulmonary blood volume while the downstream represents the pulmonary
venous compartment or, in the presence of introduced anatomic shunt, also the systemic arte-
rial compartment. The circulating perfusate together with added inert gas solution was gently
mixed due to the surface design inside the mixing chambers. The outlet from the downstream
mixing chamber is connected to the inlet line of the centrifugal pump.
Preset shunt flow measurement
The scenario of a normal lung with V/Q ratio approximating 1 was simulated in the IVLM by
maintaining equal sweep gas (V) and fluid (Q) flows. In a single-unit gas exchange circuit both
V and Q were set to 2500 ml/min, whereas 500 ml/min per gas exchange unit was maintained
in a five-oxygenator circuit.
Intrapulmonary shunt occurs when functional lung units are perfused in a non-aerated
state, i.e., when their regional V/Q ratio is zero. To achieve this state in the model, one or more
gas exchangers, and hence sweep gas contact, were bypassed by shunt tubes with defined flow
(IVLM shunt, IVLM-S).
Reference shunt fraction was calculated as:
preset fractional shunt ¼ measured shunted flow = measured total flow to upstream mixing chamber
For a modeled shunt fraction of 0.2, one of the five gas exchangers were bypassed, thus
eliminating its perfusate flow. Its respective shunt tube flow was manually adjusted to 500 ml/
min using the individual upstream perfusate flow valves. All resultant flows were verified using
the in-line flow meters. Analogous maneuvers allowed shunting 2, 3, or 4 gas exchange units,
with respective shunt fractions then measured and calculated.
Selection of preset shunt fractions was conducted in a randomized manner, in order to pre-
vent systematic effects of residual disequilibrium shortly after step changes in inert gas concen-
trations. After changing inert gas infusion rate or shunt fraction, an equilibration period of no
less than 15 min was allowed prior to MMIMS-MIGET sampling.
Preparation and administration of inert gas solution for MMIMS-MIGET
The inert gas infusate [10] was prepared in a gas-tight 500 ml normal saline bag (500 ml) by
equilibrating gaseous sulfur hexafluoride (SF6, 90 ml gas) and krypton (Kr, 24 ml gas) with the
fluid, followed by the addition of liquid desflurane (DES, 100 μl), enflurane (ENF, 100 μl),
diethyl ether (DEE, 100 μl), and acetone (AC, 1 ml). Inert gas dose and resultant concentra-
tions were selected according to the sensitivity of the MMIMS device determined during previ-
ous IVLM experimentation. Inert gas solution was infused into the circuit upstream to the
inlet mixing chamber, using a volumetric infusion pump (Alaris GP, Cardinal Health, 1180
Rolle, Switzerland) at a rate representing approximatly1/1000th of the total pump flow. To
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maintain a meticulously bubble-free and closed system, two air-tight glass syringes remained
attached to the inlet port of the upstream glass mixing chamber in order to allow for limited
volume changes within the circuit (e.g., from inert gas infusion, sampling).
MMIMS MIGET with Multipore Probe
The theory and practice of multiple inert gas analysis and the derivation of ventilation-perfu-
sion distributions using the novel MMIMS-based variant of the MIGET have been described
extensively; in this study they were performed accordingly [10–12]. The version of MMIMS
technology used in this study utilizes a multi-pore MMIMS probe with 200 pores. Addition-
ally, current software updates (Version: MMIMSMainV43, Oscillogy LLC, USA) were per-
formed in order to enhance sensitivity and signal strength, to shorten measurement time, and
to facilitate data analysis. When compared to previous studies with single-pore MMIMS or
conventional MIGET using time-consuming gas chromatography, multi-pore MMIMS-MI-
GET demonstrated considerably improved sample turnover time and hence, better temporal
resolution (sampling intervals of 15 min are feasible, with 8 min for each sample analysis).
Measurement of inert gas concentrations and MMIMS-MIGET-derived
shunt fraction
After ruling out fluid leaks or air bubbles, the centrifugal pump was started at 2500 ml/min.
Temperature was controlled by a heat exchanger set to 38˚. After a few minutes’ equilibration
time, inert gas infusion was started and maintained for at least 15 min to achieve steady-state
inert gas concentrations. For each selected reference shunt setting, duplicate samples were
drawn at 15-minute intervals using gas-tight glass syringes (Cadence Science Inc1, Plainfield
Pike Cranston, RI) spiked with an anticoagulant (heparin).
With 0, 1, 2, 3 or 4 out of 5 oxygenators bypassed to achieve predefined reference shunts,
bubble-free samples were collected simultaneously from up- and downstream mixing cham-
bers and immediately processed for inert gas analysis using the MMIMS system (Beta Version
1.0, Oscillogy1, Folsom, PA, USA). Retentions were computed from the ratio of downstream
partial pressure to upstream partial pressure for each inert gas [12]. Although a similar sam-
pling approach could be employed to acquire mixed expired samples in order to compute
excretion, this proved to be impractical due to the inherent difficulty in handling highly solu-
ble gases (DEE & Acetone) with the present setup. Retention data and solubility coefficients
were converted, according to MIGET methodology as described by Evans and Wagner[19],
into a distribution of perfusion (as percentage of total perfusate flow) over 50 compartments
with defined ventilation-to-perfusion ratios. Fractional MMIMS-MIGET shunt in the com-
partment of interest was defined as MMSV/Q < 0.005.
Statistical analysis
Using Wagner’s algorithm [20] programmed on Labview 8.0 (National Instruments, Austin,
TX), MMIMS-MIGET shunt fractions were calculated from inert gas concentrations. All met-
ric data are expressed as mean ± SD. Correlation between predefined shunt from IVLM and
MMIMS-MIGET shunt was described by linear regression and agreement with Bland-Altman
analysis [21, 22]. Origin 8.0 was used for data management and analysis (linear regression,
Bland-Altman analysis). As used in previous studies, the degree of experimental error was
inferred from the residual sum of squares (RSS) [12, 23]. Data analysis was carried out in an
explorative manner, with p< 0.05 considered as significant.
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Results
The IVLM allowed stable control of compartmental perfusate and sweep gas flows, as well as
reproducible inert gas transfer. Duplicate samples were taken at each reference shunt setting;
hence 10 samples were taken at five different time points. The reported IVLM shunt values
were calculated from the measured ventilation and perfusion flowrates during the experiment
in order to avoid the influence of handling errors.
Fractional shunt measurements were compared for asanguineous perfusate (n = 10), rang-
ing from 0 to 0.79 (IVLM-SNS) and from 0 to 0.81 (MM-SNS), respectively. For red blood cell
containing perfusate, IVLM-SRBC ranged from 0 to 0.91 and measured MM-SRBC from 0 to
0.83. As an indicator of experimental error, the MMIMS dataset had a residual sum of squares
(RSS) < 5 in 75% and RSS< 10 in 95%.
Correlation and agreement of IVLM-S and MM-S
Correlation between IVLM-S and MM-S was examined for 10 data pairs using linear regres-
sion analysis. As an example, Fig 2 illustrates the association between IVLM-SRBC vs
MM-SRBC (r2 = 0.96; P < 0.0001). Fig 3 demonstrates the respective association for saline
perfusate (IVLM-SNS vs MM-SNS, r2 = 0.99; P< 0.0001; duplicate sample data at each model
shunt).
Fig 2. Linear regression analysis with blood as priming fluid. Linear regression analysis for MMIMS-MIGET
based shunt fraction–with blood as priming fluid (MM-SRBC) on predefined in vitro lung model shunt (IVLM-
SRBC): MM-SRBC = 0.87*IVLM-SRBC-0.02 (r2 = 0.96, P< 0.0001). Duplicate data from 0 to 0.8 model shunt
fractions included. Solid line = linear regression; Dashed line = line of identity.
https://doi.org/10.1371/journal.pone.0184212.g002
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MM-S underestimated IVLM-S both in blood (bias ± 2 SD = - 0.085 ± 0.105) and saline per-
fusate (bias ± 2 SD = - 0.036 ± 0.118). Bland-Altman plots of the difference between MM-S
and IVLM-S are shown in Fig 4 (blood) and Fig 5 (saline). Overall coefficient of variation for
MM-SRBC was 4.8% and 10.2% for MM-SNS.
Discussion
This study demonstrates, as its primary finding, that the measurement of shunt fraction using
MMIMS-MIGET technology is valid in determining true shunt fraction in an in-vitro lung
model with artificial gas exchange. Good correlation exists between the measured MM-S and
the preset IVLM-S over a wide range of shunt fractions. Our results indicate a 3–8.5% underes-
timation of true shunt by the MMIMS-MIGET based methodology for blood-containing, as
well as asanguineous, perfusate (Figs 2 and 3). The overall precision was found to be good,
with limits of agreement at ± 10% shunt fraction.
The purpose of constructing this in vitro model of compartmental pulmonary gas exchange
was to provide a simple, robust and precise tool to produce predefined model V/Q relation-
ships for comparison with V/Q relationships measured by MMIMS-MIGET. In many previous
studies, MIGET was used as the “gold standard” for determination of true intrapulmonary
shunt fraction [20, 24, 25]. By establishing physically predefined and controlled shunt fractions
Fig 3. Linear regression analysis with saline as priming fluid. Linear regression analysis for MMIMS-
MIGET shunt fraction–with saline as priming fluid (MM-SNS) on predefined in vitro lung model shunt
(IVLM-SNS): MM-SNS = 0.91*IVLM-SNS +0.005 (r2 = 0.99, P< 0.0001). Duplicate data from 0 to 0.8 model
shunt fractions included. Solid line = linear regression; Dashed line = line of identity.
https://doi.org/10.1371/journal.pone.0184212.g003
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in the model, we are now able to utilize predefined IVLM shunt as the reference standard
when evaluating MMIMS-MIGET shunt.
We found good correlation (MM-SRBC: r2–0.99, MM-SNS: r2–0.96) of the tested method
to reference shunt; for clinical purposes, bias and precision appear satisfactory. However, the
slight bias and imprecision may not be exclusively due to error in MMIMS-MIGET. Similar to
any reference technique in this field, an IVLM does not categorically exclude potential sources
of systematic and unsystematic error. For example, as with potential error within MMIMS-MI-
GET, the respective determination of shunt fraction in the IVLM relies on SF6 excretion and
retention. At the current stage of model development, we utilized retention data only, which
limited our ability to minimize measurement error. Nevertheless, we found that the propor-
tional bias of 0.085 in blood and 0.036 in saline perfusate in the current study, using a multi-
pore MMIMS version, was already substantially improved compared to 0.15 in a previous
series from our group [12], in which single-pore MMIMS-MIGET-based shunt determination
had been compared to Riley shunt measurement in an animal model of lung injury. This may
also indicate that there are still various residual sources of systematic error in setups compar-
ing MMIMS-MIGET shunt to reference techniques. The overall error may include measure-
ment errors, sampling errors, and recovering shunt fractions from retention data [19].
Correlation of IVLM-S with MM-S yielded a bias comparable to previously published studies.
The bias values of this study were similar to 0.04 obtained by Kretzschmar et.al, which assesses
agreement between conventional MIGET with gas chromatography and MMIMS-MIGET
Fig 4. Bland-Altman analysis with blood as priming fluid. Bland-Altman analysis of MMIMS-MIGET based shunt
fraction–with blood as priming fluid (MM-SRBC) on predefined in vitro lung model shunt (IVLM-SRBC). Bias ± precision (2
SD) was -0.085 ± 0.11 with 95% limits of agreement (dashed) of -0.19 and 0.02.
https://doi.org/10.1371/journal.pone.0184212.g004
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[11]. In the animal study of Duenges et al., the range of possible shunt fractions was restricted
due to the limitations of lavage injury, whereas the full range in our IVLM may improve
numerical correlation.
In our current system, results from saline (IVLM-SNS Vs MM-SNS) and blood (IVLM-
SRBC Vs MM-SRBC) have demonstrated satisfactory bias and precision. We thus conclude
that crystalloid prime may be conveniently used for testing of reproducibility and further tech-
nical evolution of the IVLM setup; however, MMIMS-MIGET validation series in a clinically
relevant range of V/Q ratios will also require priming with realistic hematocrit levels or even
with whole blood.
The bias still indicated an underestimation of true shunt by MMIMS-MIGET in both blood
and saline. A better automated lung model with automated perfusate and sweep gas flow con-
trol may considerably reduce measurement error due to manual handling of the IVLM. A limi-
tation of this study is that precise settings of shunt in the IVLM, pertaining to the clinically
relevant range, could not be achieved due to inherent difficulties in mechanical maneuvering
of ventilation and perfusion flows. Upon automation of the lung model, we plan to perform
more extensive experiments in the clinically relevant range of 0 to 0.4.
The true potential of the MMIMS-MIGET lies in the bedside measurements of the whole
spectrum of ventilation-to-perfusion distributions and inequalities e.g. from shunt over a nor-
mal distribution to deadspace. In this study, we focused on introducing the in vitro lung
model and its measurements of shunt in detail. Separate studies are being carried out with an
automated lung model to realize other kinds of inequality scenarios in the model.
Fig 5. Bland-Altman analysis with saline as priming fluid. Bland-Altman analysis of MMIMS-MIGET based shunt
fraction–with saline as priming fluid (MM-SNS) on predefined in vitro lung model shunt (IVLM-SNS). Bias ± precision (2
SD) was -0.04 00B1 0.12 with 95% limits of agreement (dashed) of -0.154 and 0.082.
https://doi.org/10.1371/journal.pone.0184212.g005
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Conclusion
Known true shunt fractions were generated in a novel, five-compartment in vitro model of gas
exchange; using the multi-pore MMIMS-based MIGET system, we were able to measure shunt
with satisfactory accuracy and precision. Our results suggest that such a model of compart-
mentalized gas exchange may represent a convenient system to validate and test MIGET sys-
tems and underlying assumptions against preset V/Q relationships. Translation of MMIMS-
MIGET validation results from IVLM experimentation to animal and human studies will
allow repetitive assessment of ventilation-perfusion distribution within time frames short
enough to impact clinical decision making. Further refinements in the model, in terms of
maneuverability and control, will enable the extension of the range of V/Q ratios that can be
generated.
Supporting information
S1 Data. Data sets pertaining to MMIMS-MIGET samples. Data sets pertaining to
MMIMS-MIGET derived IVLM shunt fractions with blood and saline as priming fluids.
(ZIP)
Acknowledgments
We thank C. Reid for careful proof read of the manuscript. We thank O. Aeby for his technical
support during the construction of the lung model. The work was supported by Swiss National
Science Foundation, SNSF Grant #: 320030_133046.
Author Contributions
Conceptualization: Andreas Vogt, Balthasar Eberle.
Data curation: Balamurugan Varadarajan, Rakesh Vasireddy.
Formal analysis: Balamurugan Varadarajan, Andreas Vogt, Volker Hartwich, Rakesh Vasir-
eddy, Balthasar Eberle.
Funding acquisition: Andreas Vogt, Balthasar Eberle.
Investigation: Balamurugan Varadarajan, Andreas Vogt, Volker Hartwich, Balthasar Eberle.
Methodology: Balamurugan Varadarajan, Andreas Vogt, Volker Hartwich, Jolanda Consiglio,
Beate Hugi-Mayr, Balthasar Eberle.
Project administration: Andreas Vogt, Balthasar Eberle.
Resources: Andreas Vogt, Jolanda Consiglio, Beate Hugi-Mayr, Balthasar Eberle.
Software: Andreas Vogt.
Supervision: Andreas Vogt, Jolanda Consiglio, Beate Hugi-Mayr, Balthasar Eberle.
Validation: Balamurugan Varadarajan, Andreas Vogt, Volker Hartwich, Jolanda Consiglio,
Beate Hugi-Mayr, Balthasar Eberle.
Visualization: Volker Hartwich.
Writing – original draft: Balamurugan Varadarajan, Andreas Vogt, Rakesh Vasireddy.
Writing – review & editing: Balamurugan Varadarajan, Andreas Vogt, Rakesh Vasireddy,
Balthasar Eberle.
An in vitro lung model to assess true shunt fraction by multiple inert gas elimination
PLOS ONE | https://doi.org/10.1371/journal.pone.0184212 September 6, 2017 11 / 13
References
1. Weiser TG, Regenbogen SE, Thompson KD, Haynes AB, Lipsitz SR, Berry WR, et al. An estimation of
the global volume of surgery: a modelling strategy based on available data. Lancet. 2008; 372
(9633):139–44. https://doi.org/10.1016/S0140-6736(08)60878-8 PMID: 18582931.
2. Serpa Neto A, Hemmes SN, Barbas CS, Beiderlinden M, Fernandez-Bustamante A, Futier E, et al. Inci-
dence of mortality and morbidity related to postoperative lung injury in patients who have undergone
abdominal or thoracic surgery: a systematic review and meta-analysis. Lancet Respir Med. 2014; 2
(12):1007–15. https://doi.org/10.1016/S2213-2600(14)70228-0 PMID: 25466352.
3. Chen SW, Chang CH, Chu PH, Chen TH, Wu VC, Huang YK, et al. Risk factor analysis of postoperative
acute respiratory distress syndrome in valvular heart surgery. Journal of Critical Care. 2016; 31(1):139–
43. https://doi.org/10.1016/j.jcrc.2015.11.002 PMID: 26654697.
4. Bellani G, Laffey JG, Pham T, Fan E, Brochard L, Esteban A, et al. Epidemiology, Patterns of Care, and
Mortality for Patients With Acute Respiratory Distress Syndrome in Intensive Care Units in 50 Countries.
JAMA. 2016; 315(8):788–800. https://doi.org/10.1001/jama.2016.0291 PMID: 26903337.
5. Force ADT, Ranieri VM, Rubenfeld GD, Thompson BT, Ferguson ND, Caldwell E, et al. Acute respira-
tory distress syndrome: the Berlin Definition. JAMA. 2012; 307(23):2526–33. https://doi.org/10.1001/
jama.2012.5669 PMID: 22797452.
6. Villar J, Blanco J, Kacmarek RM. Current incidence and outcome of the acute respiratory distress syn-
drome. Curr Opin Crit Care. 2016; 22(1):1–6. https://doi.org/10.1097/MCC.0000000000000266 PMID:
26645551.
7. Simon M, Braune S, Laqmani A, Metschke M, Berliner C, Kalsow M, et al. Value of Computed Tomogra-
phy of the Chest in Subjects With ARDS: A Retrospective Observational Study. Respiratory Care.
2016; 61(3):316–23. https://doi.org/10.4187/respcare.04308 PMID: 26647453.
8. Rush B, Wiskar K, Berger L, Griesdale D. Trends in Extracorporeal Membrane Oxygenation for the
Treatment of Acute Respiratory Distress Syndrome in the United States. Journal of Intensive Care Med-
icine. 2016. https://doi.org/10.1177/0885066616631956 PMID: 26893318.
9. Wagner PD. The multiple inert gas elimination technique (MIGET). Intensive Care Med. 2008; 34
(6):994–1001. Epub 2008/04/19. https://doi.org/10.1007/s00134-008-1108-6 PMID: 18421437.
10. Baumgardner JE, Choi IC, Vonk-Noordegraaf A, Frasch HF, Neufeld GR, Marshall BE. Sequential V
(A)/Q distributions in the normal rabbit by micropore membrane inlet mass spectrometry. J Appl Physiol.
2000; 89(5):1699–708. Epub 2000/10/29. PMID: 11053316.
11. Kretzschmar M, Schilling T, Vogt A, Rothen HU, Borges JB, Hachenberg T, et al. Multiple inert gas elim-
ination technique by micropore membrane inlet mass spectrometry—a comparison with reference gas
chromatography. J Appl Physiol. 2013. Epub 2013/07/23. https://doi.org/10.1152/japplphysiol.00072.
2013 PMID: 23869066.
12. Duenges B, Vogt A, Bodenstein M, Wang H, Bohme S, Rohrig B, et al. A comparison of micropore
membrane inlet mass spectrometry-derived pulmonary shunt measurement with Riley shunt in a por-
cine model. Anesthesia and analgesia. 2009; 109(6):1831–5. Epub 2009/11/20. https://doi.org/10.
1213/ANE.0b013e3181bbc401 PMID: 19923510.
13. Sa´ RC, Henderson AC, Simonson TS, Arai TJ, Wagner H, Theilmann RJ, et al. MEASUREMENT OF
THE DISTRIBUTION OF VENTILATION-PERFUSION RATIOS IN THE HUMAN LUNG WITH PRO-
TON MRI: COMPARISON WITH THE MULTIPLE INERT GAS ELIMINATION TECHNIQUE. Journal of
Applied Physiology. 2017. https://doi.org/10.1152/japplphysiol.00804.2016 PMID: 28280105
14. Ziebart A, Hartmann EK, Thomas R, Liu T, Duenges B, Schad A, et al. Low tidal volume pressure sup-
port versus controlled ventilation in early experimental sepsis in pigs. Respiratory Research. 2014; 15
(1):101. https://doi.org/10.1186/s12931-014-0101-6 PMID: 25189285
15. Hartmann EK, Duenges B, Boehme S, Szczyrba M, Liu T, Klein KU, et al. Ventilation/perfusion ratios
measured by multiple inert gas elimination during experimental cardiopulmonary resuscitation. Acta
Anaesthesiologica Scandinavica. 2014; 58(8):1032–9. https://doi.org/10.1111/aas.12378 PMID:
25060587
16. Schuerer DJ, Kolovos NS, Boyd KV, Coopersmith CM. Extracorporeal membrane oxygenation: current
clinical practice, coding, and reimbursement. Chest. 2008; 134(1):179–84. Epub 2008/07/17. https://
doi.org/10.1378/chest.07-2512 PMID: 18628221.
17. Svitek RG, Federspiel WJ. A mathematical model to predict CO2 removal in hollow fiber membrane
oxygenators. Ann Biomed Eng. 2008; 36(6):992–1003. Epub 2008/03/19. https://doi.org/10.1007/
s10439-008-9482-3 PMID: 18347984.
18. Borland C, Dunningham H, Bottrill F, Vuylsteke A. Can a membrane oxygenator be a model for lung NO
and CO transfer? J Appl Physiol. 2006; 100(5):1527–38. Epub 2006/01/07. 00949.2005 [pii] https://doi.
org/10.1152/japplphysiol.00949.2005 PMID: 16397061.
An in vitro lung model to assess true shunt fraction by multiple inert gas elimination
PLOS ONE | https://doi.org/10.1371/journal.pone.0184212 September 6, 2017 12 / 13
19. Evans JW, Wagner PD, West JB. Conditions for reduction of pulmonary gas transfer by ventilation-per-
fusion inequality. J Appl Physiol. 1974; 36(5):533–7. PMID: 4826314.
20. Wagner PD, Laravuso RB, Goldzimmer E, Naumann PF, West JB. Distribution of ventilation-perfusion
ratios in dogs with normal and abnormal lungs. J Appl Physiol. 1975; 38(6):1099–109. PMID: 237870.
21. Bland JM, Altman DG. Statistical methods for assessing agreement between two methods of clinical
measurement. Lancet. 1986; 1(8476):307–10. PMID: 2868172.
22. Bland JM, Altman DG. Measuring agreement in method comparison studies. Stat Methods Med Res.
1999; 8(2):135–60. https://doi.org/10.1177/096228029900800204 PMID: 10501650.
23. Roca J, Wagner PD. Contribution of multiple inert gas elimination technique to pulmonary medicine. 1.
Principles and information content of the multiple inert gas elimination technique. Thorax. 1994; 49
(8):815–24. Epub 1994/08/01. PMID: 8091330; PubMed Central PMCID: PMC475132.
24. Sato S, Hlastala MP, Hildebrandt J. Intrapulmonary shunt in excised dog lobes: comparison of oxygen
and inert gas methods. J Appl Physiol. 1993; 74(2):951–8. PMID: 8458819.
25. Hlastala MP, Colley PS, Cheney FW. Pulmonary shunt: a comparison between oxygen and inert gas
infusion methods. J Appl Physiol. 1975; 39(6):1048–51. PMID: 175043.
An in vitro lung model to assess true shunt fraction by multiple inert gas elimination
PLOS ONE | https://doi.org/10.1371/journal.pone.0184212 September 6, 2017 13 / 13
